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Abstract

shear, but the minimum size of droplet removal is
typically on the order of the capillary length of the
condensate, about 2.7 mm for water.
Properly designed superhydrophobic surfaces have
been shown to promote the removal of condensate
at sizes significantly below the capillary length due
to the low contact angle hysteresis and coalescenceinduced jumping of condensate drops. With the removal of condensate drops due to coalescence-induced
jumping, the maximum droplet diameter can be reduced by 1 to 3 orders of magnitude [6, 7]. The
potential for superhydrophobic surfaces to significantly impact condensation heat transfer has promoted a great deal of exploratory research regarding the fundamental behavior of condensing droplets
on superhydrophobic surfaces. Several works have
quantified metrics which indirectly indicate the relative rate of heat transfer on a surface, such as maximum droplet diameter, drop size distribution, and
individual droplet growth rates. Additionally, several models for condensation on superhydrophobic
surfaces have been developed [8, 9, 10]. However,
only a few works have experimentally measured the
heat transfer directly [11, 12, 13]. Their primary focus was on the heat transfer enhancement that could
be achieved with superhydrophobic surfaces relative
to traditional surfaces, but in each case only a single type of superhydrophobic surface was tested, and
no comparison between different types of superhydrophobic surfaces has been performed. This work
uses full-field optical-based heat transfer measurements to more directly measure the rate of heat transfer and compare of over-all heat transfer performance
under varying condensing conditions and surface de-

Condensation heat transfer is significant in a variety of industries including desalination, energy conversion, atmospheric water harvesting, and electronics cooling. Recently, superhydrophobic surfaces have
gained attention as a possible condensing surface
due to their potential for high droplet mobility and
coalescence-induced, out-of-plane jumping of the condensate droplets, both of which contribute to higher
rates of condensate removal and thus higher thermal
transport rates. However, only a limited number of
studies have actually measured the rate of heat transfer during condensation on superhydrophobic surfaces. An experimental setup capable of measuring
overall heat transfer rates with two independent methods while simultaneously measuring microscale statistics regarding individual drop behavior is constructed
and validated against classical equations predicting
condensation behavior.
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Introduction

Condensation heat transfer is significant in many applications such as such as desalination, energy conversion [1], atmospheric water harvesting [2, 3], electronics cooling, and other high heat flux applications [4].
However, condensate on the surface adds a thermal
resistance that limits condensation rates. The rate of
condensation heat transfer is inversely proportional
to the diameter of the condensate drops[5]. In industrial condensing systems, the resistance is minimized
by removing the condensate via gravity or a vapor
1

signs. This approach has the advantage of providing a
link between macroscopic heat transfer rates and the
more indirect measures of heat transfer traditionally
reported in the literature.
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surfaces offer the potential removal of droplets much
smaller than those that can be removed by gravity
alone (typically around the capillary length, about
2.7 mm for water) [5]. Miljkovic et al. [32] used the
morphology model from Enright et al. [30], along
with a model regarding droplet growth and coalescence, to predict the improvement in heat transfer
associated with condensation on a superhydrophobic
surface. Miljkovic et al. [9] demonstrated a 56% increase in heat flux for partially wetting droplets on
superhydrophobic surfaces relative to a smooth hydrophobic surface. Miljkovic et al. [11] measured
heat transfer on a surface which exhibited spontaneous jumping droplet behavior, which resulted in a
25% higher heat flux relative to hydrophobic surfaces
at supersaturations less than 1.12. Superhydrophobic surfaces have been shown to offer real potential
for more efficient heat transfer.

Background

Initial investigations of condensation on superhydrophobic surfaces under static conditions found that
the nucleation sites for condensation were evenly
spread over the entire surface. As a result, a significant percentage of the initial condensate drops
formed within the cavities, resulting in an irreversible
wetted, or Wenzel state [14, 15, 16, 17, 18, 19, 20, 21].
However, when Chen et al. [22] showed that drops
can transition into the Cassie state when the surface has nano-scale roughness, interest in condensation on superhydrophobic surfaces was renewed.
Boreyko and Chen [6] later showed that under certain conditions, condensate droplets can spontaneously jump from the surface due to the release
of surface energy during coalescence. Transitioning
from a wetted to non-wetted state for surfaces with
nano-scale and two-tiered (micro- and nano-scale)
roughness has been observed by other investigators
[23, 24, 25, 6, 26, 27], and several models were developed that showed the potential of superhydrophobic surfaces to significantly impact the heat transfer [9, 28]. Rykaczewski [29] showed that condensate
droplets do not grow with a constant contact angle,
but rather grow in a stick-and-slip motion, alternating between constant contact angle and constant base
area. Enright et al. [30] developed a model to predict
whether a drop will be in the Cassie or Wenzel state.
Though additional research needs to be done, superhydrophobic surfaces have exhibited great promise in
their potential to improve heat transfer on condensing superhydrophobic surfaces.
It is well known that the majority of the heat transfer that occurs during condensation takes place in
droplets smaller than 10 microns in diameter [31], and
that droplets larger than 10 microns mainly grow by
coalescence with other drops [29]. With the increased
mobility of droplets in the Cassie state and the potential for spontaneous jumping, superhydrophobic
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Methods
Surface Manufacture

Surfaces with nano-scale roughness are necessary for
condensate to transition to a non-wetting, or Cassie
state. Droplets in the Wenzel state are highly pinned,
and are not expected to perform any better than classical surfaces, and may even perform worse. A variety
of methods for creating surfaces which support condensate in a Cassie state exist [33], but most techniques offer limited control over the nano-structure.
For this work, alumina-coated silicon wafers were
coated with iron, and carbon-infiltrated carbon nanotubes (CICNTs) were grown on the entire surface
as described in [34, 35]. The surface was functionalized by vacuum baking at 250◦ C for approximately
3 hours in a process similar to that used by [36].
The resulting surface had a static contact angle of
approximately 165◦ and sliding angle of less than
1◦ . Carbon-infiltrated carbon nanotubes offer control over the nanostructure by depositing a layer of
amorphous carbon on the carbon nanotubes, changing the thickness of the nanostructure [34, 37, 38].
Furthermore, by rendering the native carbon surface
hydrophbobic, no additional chemical coating is re2

quired, creating a surface that is relatively robust
compared with many of the polymer or self-assembled
monolayer coatings typically used. In order to validate the setup, condensation tests were performed on
110 copper which was rinsed with IPA prior to condensation.

3.2

itors the pressure of the vapor when it is at saturation pressure at ambient temperatures. The superhydrophobic surface is placed on the copper block. The
surface is bolted to the cover, and a torque wrench is
used to apply the same clamping force for each test.
The condensation tests proceed as follows. After
performing the leak tests, the chamber is vacuumed
down to a pressure less than 3 Pa. The valve to the
vapor supply is then opened and water vapor floods
the chamber. The vacuum pump continues to run
for 5 minutes, and then the valve to the vacuum is
closed. Water from the constant temperature bath
is then circulated through the heat exchanger and
condensation begins on the surface. Temperature and
pressure are recorded using an NI-DAQ at 4 hz. All
the thermocouples in the system are calibrated to
each other with an uncertainty of +/− 0.03 K.
During condensation the surface was observed using an optical microscope (Keyence VH-Z50L/W) attached to an SLR camera (Nikon D5200), and videos
of the condensation were recorded at 30 frames per
second. At a magnification of 450X, the resolution of
the imaging system was 0.86 microns per pixel. The
surface was illuminated using a ring light attached to
the microscope lens. Once the condensation reached
steady state, video was recorded.

Condensation Setup

In order minimize the effects of non-condensable
gases, the experiments are performed inside a custom built stainless steel vacuum chamber with polycarbonate windows, as shown in Figure 1. Prior to
running experiments, the water in the Erlenmeyer
flask is boiled rapidly for 10 to 15 minutes by lowering the pressure with a two-stage rotary vane pump
(Edwards, E2M2). The valve to the vacuum pump
is closed, and the flask remains at vapor pressure for
24 hours. The water is again boiled for 15 minutes,
and the procedure is repeated until all of the nucleation bubbles in the flask have been eliminated, and
all phase change occurs at the free surface of the water. This procedure is repeated every time the water inside the flask is exposed to air, but otherwise
not repeated before every experiment. Prior to each
condensation experiment, the valve between the flask
and the vacuum chamber is closed, and the vacuum
chamber is vacuumed to a pressure less than 3 Pa
(Kurt J Lesker AA01A01TGAS3B00000, FS 1 Torr,
+/− 0.25% accuracy) and held overnight, so that the
rate of pressure rise (due to outgassing) is less than 1
Pa/minute. The leak rate is tested prior to running
each experiment to ensure that the concentration of
non-condensable gases stays below 0.25%.
A constant temperature bath supplies water to a
heat exchanger that is attached to a copper block,
which interfaces with the chamber, as shown in Figure 2. Thermocouples measure the temperature entering and exiting heat exchanger, and a flow meter
(Omega FLR1009-D) measures the rate of coolant
flow in order to measure the rate of heat transfer. As
a secondary measurement of the rate of heat transfer, the temperature gradient within the copper block
is calculated from the temperature measured by four
thermocouples embedded in the copper block. A second pressure gauge (Omega PX409-005A10V) mon-

3.3

Optical-Based Condensate Measurement

A variety of approaches for studying condensation
on superhydrophobic surfaces have been used and
have provided valuable insight regarding droplet nucleation, growth, coalescence, and departure. Experiments performed in an ESEM provide detailed
information regarding individual droplet nucleation
and growth and have expanded to our understanding
of droplet behavior. However, even with the recent
significant advances in ESEM imaging, beam heating effects and temporal resolution limitations continue to be a challenge, besides the fact that the
ESEM does not allow direct macroscopic heat transfer measurements. Thermocouple measurements can
provide an overall heat flux, but are difficult to implement with high levels of accuracy. Optical microscopes lack the magnification capabilities of the
3

Figure 1: The condensation chamber.
growth of each droplet in the first frame through time
until the drop coalesces with a neighboring drop or
the video ends. On subsequent frames, additional
drops that form are detected and similarly tracked
through time. Figure 3 shows one frame of the video
with all of the drops detected in that frame. The
regular array of lighter spots in the background are
the tops of the silicon pillars, which are spaced 16
microns apart. Drops overlapping the edge of the
field of view were not tracked. Since the radius of
the drops is larger than 10 microns, the drops should
be growing in constant contact angle mode [39, 12].
Therefore, a contact angle of 165◦ is used to calculate the volume (based on the detected radius) of all
of the drops of condensate within the field of view
of the camera. The volume is used to calculate the
latent energy on the surface, as well as the latent
energy of the drops which have departed the surOn the first frame of the video, the location and
face via coalescence-induced jumping. During steady
radius of each of the drops of condensate is found
state condensation, the latent energy of the drops
using a Hough Transform. The code then tracks the
ESEM, but provide full-field measurements regarding drop spatial and size distribution. However, due
to the difficulty of building a chamber capable of removing the non-condensable gases (NCG), most optical microscope measurements are performed in the
presence of NCG, which dramatically inhibits condensation rates and behavior. Olceroglu et al. [12]
used an optical microscope to measure the volume of
condensate produced, as a measure of the latent energy transfer. They used this information to obtain a
heat flux with an uncertainty of +/− 2 W/m2 , which
is considerably smaller than that typically achievable
using thermocouple based measurements. A similar
approach was implemented in this work using a custom MATLAB code. However, in contrast to Olcergolu, the following experiments were performed in the
absence of NCG.
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on the surface remains relatively constant, and the
heat flux can be estimated from the volume of drops
which depart the surface. By tracking the growth
of each droplet through time, metrics such as nucleation density and drop size distribution can be compared with the macroscopic heat transfer estimation.
Furthermore, a wealth of information regarding individual droplet growth rates and departure diameter
were collected. Results from the code are described
in a previous paper, but the ability to collect this
information while also simultaneously collecting heat
transfer data are central to the purpose of this paper.

Figure 2: The condensation flow loop.

Figure 3: A single frame of the video with all of the
drops detected in that frame. The regular array of
In order to validate the setup, condensation tests dots in the background are the tops of the silicon
were performed on the bare copper surface. The rate pillars, which are spaced 16 microns apart. Drops
of heat transfer obtained from the change in temper- overlapping the edge of the field of view were not
ature of the coolant agreed with that obtained from tracked.
the temperature gradient in the copper to within
10%, and within the limits of the experimental uncertainty of the system. The rate of heat transfer directly on the copper block matched those in predicted
by the Nusselt correlation [40], as shown in Figure 4.
This validation of the system provides confidence in
the accuracy of the system and in future measurements. It is essential that this work be done in the
absence of non-condensable gases. A concentration of
just a few percent of non-condensable gases will dramatically decrease the rates of heat transfer. With
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Results and Discussion

5

this system, overall rates of heat transfer obtained
from the computer vision code can be validated by
two independent methods with a high degree of confidence.
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A nanostructured superhydrophobic surface which offered control over the nano-structure was manufactured and rendered hydrophobic. A system for obtaining accurate heat transfer measurements from
two independent methods in the absence of noncondensable gases was tested and validated. The next
step is to take heat transfer measurements on superhydrophobic surfaces and compare it to the rates of
heat transfer predicted by the droplet tracking code
described above. Future work will also include exploration of how changing the nanostructure by controlling the thickness of the carbon nanotubes influences
overall heat transfer rates and individual droplet behavior.
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